To investigate the effects of closed head injury (CHI) on olfactory identification, we administered a test of olfactory naming and forced choice recognition to 52 CHI patients who had no evidence of anosmia. The Olfactory Identification Test consisted of 'scratch and sniff' labels of familiar nonirritant odorants. In comparison with a normal control group (n = 19) of similar age, olfactory naming and recognition were impaired in the CHI series, particularly in patients with moderate or severe head injury. The presence of a haematoma or contusion in the frontal/temporal region was also related to impaired olfactory recognition. We suggest that nonmissile head injury can produce at least a partial impairment of olfactory recognition despite relatively preserved olfactory detection.
INTRODUCTION
Anosmia is a well-documented sequel of closed head injury (CHI) which can be demonstrated in patients who have no complaints of a diminution in their sense of smell (Leigh, 1943; Russell, 1960) . Review of the cranial nerve findings from 1000 consecutive cases of nonmissile head injury disclosed that 4 per cent had complete bilateral anosmia and an additional 3 per cent exhibited unilateral anosmia or some other partial loss of olfaction (Symonds and Lewis, 1942; Russell, 1960; Sumner, 1964) . Russell (1960) attributed posttraumatic anosmia to tearing of the olfactory filaments by shearing movement of the brain relative to the skull or to fracture of the cribriform plate in patients sustaining a frontal impact. In a series of 1167 consecutive head injuries, Sumner (1964) found that the percentage of patients exhibiting permanent or temporary anosmia increased from 2.9 for patients with virtually no disturbance of consciousness or posttraumatic amnesia (PTA) to 19.5 for patients with a PTA duration exceeding seven days. However, partial or complete loss of smell can also occur after minor head injury (Symonds and Lewis, 1942; Leigh, 1943; Sumner, 1962 Sumner, , 1964 ). Sumner's serial observations revealed that 39 per cent of the anosmic cases in his unselected series eventually recovered their sense of smell with rapid improvement during the first ten weeks after injury.
Disturbance of complex olfactory function (e.g., discrimination), despite relatively preserved detection of odours, has been reported for alcoholic Korsakoff 's syndrome (Jones et al., 1978; Potter and Butters, 1980) and following thalamic or prefrontal cortical lesions (Potter and Butters, 1980) . The findings of Potter and Butters in patients with prefrontal lesions are in accord with neuroanatomical and neurophysiological data in monkeys which have implicated the orbitofrontal cortex in odour-quality discrimination (Tanabe et ah, 1975; Potter and Nauta, 1979) . In view of the olfactory sensations reported by patients with uncinate seizure secondary to lesions in the uncus and hippocampal gyrus, Brodal (1981) postulated that temporal lobe lesions could produce defects in olfactory discrimination and interpretation.
Consistent with this suggestion, Rausch et al. (1977) found that short-term recognition memory for discriminable odorants was impaired in temporal lobe epileptics, including both patients who had undergone temporal lobe resection and nonoperated cases. Olfactory impairment was more impressive in patients with a right than with a left temporal lobe focus. In agreement with this finding, Abraham and Mathai (1983) reported that perceptual matching of odorants was impaired in epileptic patients who had undergone a right temporal lobectomy but was spared in left temporal lobectomy patients. Although Eskenazi et al. (1983) confirmed that identification of odours by pointing to printed names or cross-modality matching was impaired in patients who underwent unilateral excision of the temporal lobe for intractable epilepsy, there was no significant difference in performance between dominant and nondominant lobectomy patients. Eskenazi and her colleagues also showed that odour quality discrimination was defective in their temporal lobectomy patients. Similarly, Eichenbaum et al. (1983) found that H.M., a patient with bilateral medial temporal lobe resection, exhibited impaired olfactory identification (by matching to sample or naming) despite normal performance on tests of odour detection, discrimination of odour intensity and olfactory adaptation. Further, H.M. could identify objects using visual or tactile cues which he was unable to identify by smell. Notwithstanding the inconsistent findings concerning the effect of laterality of temporal lobe excision on olfactory recognition, there is a consensus that this perceptual capability can be impaired despite adequate detection of odours (Rausch et al., 1977; Abraham and Mathai, 1983; Eichenbaum et al., 1983; Eskenazi et al., 1983) .
These clinical reports concur with neuroanatomical studies in animals which implicate participation of the temporal lobes in olfaction (Brodal, 1981) . It is also of interest that temporal lobe structures (e.g., amygdala, hippocampal gyrus, hypothalamus) which have been implicated in emotional and motivational disturbances after injury also participate in olfactory function through their intimate connections with the olfactory bulb, anterior olfactory nucleus, and primary olfactory cortex (see Brodal, 1981) .
In view of the vulnerability of the orbitofrontal and temporal lobes to both focal and diffuse injury after head trauma (Holbourn, 1943; Adams et al., 1980) , posttraumatic olfactory disturbance, based on testing detection of odorants, may be more common than previously appreciated. Pinching (1977) supported this contention by identifying a subgroup of patients with brain damage of diverse aetiology (including head trauma), without anosmia, but who had difficulty in retrieving the appropriate name or association of odorants. Consequently, we postulated that traumatic forces in the orbitofrontal and temporal lobes could impair olfactory perception in the absence of anosmia and that the degree of olfactory disturbance would be directly related to the severity of injury. To evaluate this possibility, we tested the capacity of head-injured patients to identify familiar odorants in a forcedchoice recognition procedure in addition to identification by naming.
MATERIAL AND METHODS

Subjects
Fifty-two patients who sustained nonmissile head injury of varying severity were studied. The selection criteria included a history free of neuropsychiatric disorders antedating the head injury; no patient was tested who had a previous head injury or a history of alcohol or drug abuse. We also imposed an age limit of 50 years in view of the decline in olfactory performance in older adults (Venstrom and Amoore, 1968) . The median age of the total series was 20.6 years (range 13-42); their median educational level was 11.8 years (range 7-16).
We employed three criteria to define the severity of head injury. These included the Glasgow Coma Scale (GCS) of Teasdale and Jennett (1974) which was recorded after resuscitation in the emergency room, the interval of impaired consciousness defined by unresponsiveness to simple commands and the duration of PTA after termination of coma. In accord with previous studies on outcome of CHI (Rimel et at., 1981 (Rimel et at., , 1982 , we defined a mild CHI as an injury which produced an initial GCS score of 13-15 with no intracranial mass lesion or depressed skull fracture visualized by computed tomography (CT) or skull radiographs and no major complications (e.g., hypoxia) or severe extracranial injuries. A moderate CHI was defined by a GCS score of 9-12 irrespective of CT or surgical findings and a severe CHI corresponded to an admission GCS score of < 8 with no eye opening, inability to obey commands, and failure to utter comprehensible speech (Jennett et ai, 1977) . The distribution of total GCS scores and the classification of injury based on CT and surgical findings are summarized in Table 1 . It can be seen that 9 patients with GCS scores of 13-15 had an intracranial mass lesion despite relatively mild disturbance of consciousness. For purposes of analysing the effect of injury severity, we combined the data of these patients with the findings of patients with GCS scores of 9-12 (Table 3) .
Duration of PTA was defined as the interval from the end of coma to the resolution of disorientation, confusion, attentional disturbance and gross anterograde amnesia which we assessed prospectively by daily administration of a brief schedule of questions until the patient consistently performed within the normal range of 75-100 points (Levin et ai, 1979 ). All patients were tested for olfactory recognition after PTA resolved according to this criterion. Accordingly, a portion of the patients with mild or moderate injuries were tested during their hospital stay on our service, whereas severely injured cases were studied as outpatients or after transfer to an inpatient rehabilitation programme (Table 3) . Our operational definition of PTA duration differs from early studies {see Symonds and Lewis, 1942; Russell, 1960) which combined the periods of coma and disorientation, confusion and gross anterograde amnesia in estimating the total time in PTA. Since Teasdale and Jennett (1974) developed the GCS, prospective measurement of subacute amnesia which follows termination of coma can facilitate separate analysis of these durations as indices of injury severity.
Preliminary assessment of olfactory detection consisted of presenting each of seven liquid odorants (food extracts including almond, anise, cherry, chocolate, coffee, lemon and maple) on a single trial while the patient was blindfolded. On each of the seven screening trials, the patient was asked to indicate whether he or she detected an odour while sniffing a vial held by the examiner. Although all 52 CHI patients selected for study (Table 1) readily detected the presence of all seven liquid odorants and attempted to name them (median percentage correct naming 29, range 0 to 71), we found anosmia in 3 patients (5.5% of the 55 CHI patients screened) whom we excluded from this study.
We also studied 19 control subjects (median age 22.3 years, range 18-26) who had no history of head injury or other neuropsychiatric disorder. The median educational level was 13.7 years (range 12-21). Preliminary analysis disclosed that the Spearman correlation coefficients between years of education and olfactory scores were consistently below 0.2 and nonsignificant in both the patient and control groups.
Procedure
The Olfactory Identification Test consisted of successive presentation of 12 'scratch and sniff' microfragrance labels which were developed by the 3M Company (Table 2) . We selected odorant labels with familiar scents which would be likely to evoke an association and we excluded trigeminal irritants 
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(e.g., gasoline odour) because previous investigations have shown that anosmic patients can detect their presence despite olfactory tract lesions (Sumner, 1964; Pinching, 1977) . Pilot testing confirmed that normal subjects had no difficulty in detection and recognition of the 12 olfactory labels in our test.
The head-injured patients and control subjects were tested individually in a quiet room while blindfolded to prevent visual cues. After announcing the presentation of the next stimulus, the examiner scratched the label twice while holding it immediately below both nostrils of the patient. The examiner asked the patient first to spontaneously name the odorant and then to select the correct name from three choices (including two distractors) which were presented orally, immediately after the patient's verbal response ( Table 2 ). The recognition procedure mitigated against the possibility of erroneously inferring the presence of a deficit in olfactory identification because of anomia (Levin et al., 1982) or a verbal-olfactory disconnection (Cain, 1979, Cain and Krause, 1979) . To acquaint the patient with the testing procedure, a practice trial was given to verify adequate comprehension of the experimental task.
Of the 52 head-injured patients selected for study, 51 concurrently completed a series of neuropsychological tests (usually in a separate session) as part of an ongoing investigation of outcome. A single patient who sustained a minor CHI was discharged before the full series of tests could be scheduled. We report on those tests which are most germane to the cognitive and linguistic requirements of the olfactory identification procedures, that is, whether the patient was disorientated or confused, capable of sensory discrimination and naming in a modality other than olfaction, and able to understand words and phrases presented orally.
Readministration of the Galveston Orientation and Amnesia Test documented that all patients had emerged from PTA by the day of olfactory assessment. To evaluate sensory discrimination in a modality other than olfaction, we administered the visual discrimination portion of the Continuous Recognition Memory Test (Hannay et al., 1979) which involves visual matching-tosample for pictures of animals and plants. Six foils, including a picture identical to the target, were presented concurrently with and below the target picture on each of eight trials. We report here the Visual Naming and Auditory Comprehension of Words and Phrases subtests of the Multilingual Aphasia Examination (Benton and Hamsher, 1978) to document naming and receptive language. The Visual Naming subtest evaluated naming pictures of entire objects (e.g., piano) and components (e.g., keyboard) to confrontation. Although the complete Multilingual Aphasia Examination was administered to most patients, we selected the Auditory Comprehension subtest for inclusion in this report because its multiple choice format more closely approximates the linguistic demands of the olfactory recognition procedure as compared to the Token Test. Each item required the patient to select from four foils the correct picture which corresponded to a single word or phrase presented orally by the examiner.
RESULTS
Relationship between Olfactory Naming and Recognition
Performance on the recognition aspect of the Olfactory Identification Test was of primary interest in demonstrating an associative deficit exclusive of anomia. As shown in Table 3 , the median recognition score in the control subjects was 9.9 which corresponded to 83 per cent correct as compared to a median score of 8.6 in the total head injury series (72% correct). The difference in recognition scores was highly significant according to the Mann Whitney U test (U = 235, P < 0.0006). Similarly, olfactory naming by the control group (median 4.1, range 1 -9) surpassed that of the total head injury series (median, 1.6, range 0-9), U = 269, P < 0.03. A third of the head-injured patients obtained olfactory recognition scores below the entire control group and 36.5 per cent of the head injuries had olfactory naming scores which fell below the entire control group. Olfactory naming and forced-choice recognition scores were positively correlated in the total series of head injuries (Spearman r = 0.64, P < 0.001), whereas they had a modest negative correlation in the control group (r = -0.14). At the same time, however, 7 head-injured patients incorrectly named every microfragrance label while performing within the range of the control group on the recognition test. There was no instance of an olfactory recognition score falling below the range of the control group in a patient who exhibited intact olfactory naming. * Nine patients with total GCS scores of 13-15 were classified as moderate injuries because their initial CT scans (Table 1) showed high density hemispheric lesions. Groups with a common superscript significantly differed in performance (P < 0.01).
Effects of Severity of Injury Defined by the Glasgow Coma Scale Score
The median and range of the olfactory naming and recognition scores are presented in Table 3 for the head-injured patients grouped according to their sum GCS score on admission to the hospital. In view of the multiple pairwise comparisons of the groups performed with the Mann Whitney U test, we adopted the 0.01 level as a criterion for significance. As indicated by the superscripts in Table 3 , the patients with moderate or severe CHI were impaired on both the naming and recognition portions of the olfactory examination as compared to the control group. In contrast, the olfactory performance of patients who sustained mild head injuries (e.g., GCS scores of 13-15 with normal CT scan) did not differ from that of the control group. The trend depicted in Table 3 for a decline in olfactory naming and recognition as a function of CHI severity approached significance for the comparison of the mild head injuries with the moderate and severe injury groups.
Duration of Impaired Consciousness
To assess the effects of duration of impaired consciousness, we divided the head injury series into three subgroups (Table 4) . Comparison with the control subjects 
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* Groups with a common superscript significantly differed in performance (P < 0.01). The duration of impaired consciousness corresponded to the interval during which a motor score < 6 was consistently recorded on the Glasgow Coma Scale (Teasdale and Jennett, 1974) . disclosed that difficulty in olfactory naming and recognition was confined to the two groups who had periods of impaired consciousness longer than 24 h. Although there was a trend for more accurate olfactory naming and recognition in the head-injured patients who had been unresponsive to verbal commands for less than 24 h as compared to the CHI groups who were unresponsive for longer periods, these differences only approached significance.
Duration ofPTA in Relation to Olfactory Performance
Based on the distribution of PTA durations (exclusive of coma) in this series, we divided the head-injured patients into the three groups shown in Table 5 . This analysis was performed on 46 CHI patients because serial orientation and amnesia scores could not be obtained in 6 patients. Both head-injured groups with PTA * PTA duration was determined by daily bedside assessment of orientation for time, place, person and retention of events related to the admission to hospital using a brief standardized test after the patient emerged from coma . PTA duration could not be obtained in 6 patients. Groups with a common superscript significantly differed in performance (P < 0.01).
durations exceeding 24 h exhibited impairment on the naming and recognition portions of the examination as compared to the control subjects (Table 5 ). In contrast, the performance of CHI patients with relatively brief PTA durations (^ 24 h) did not differ significantly from the scores for the control group. Headinjured patients who had been in PTA longer than twenty-one days obtained naming and recognition scores which fell below the performance of the brief PTA group (Table 5) , whereas other comparisons of the head-injured groups did not reach significance.
Olfactory Performance in Relation to the Presence of a Mass Lesion in the Frontal I Temporal Region
Of the 31 patients with hemispheric mass lesions (Table 1) , 23 had CT and/or surgical findings which showed a haematoma or contusion confined to the frontal/ temporal region. This group included 12 patients with frontal lesions (3 left, 1 right, 8 bilateral), 4 patients with temporal lesions (2 left, 1 right, 1 bilateral), and 7 cases of frontotemporal lesions (2 left, 2 right, 3 bilateral). The 8 patients with mass lesions whom we excluded from this analysis had haematomas or contusions which extended into the parietal area in addition to frontal/temporal involvement or they had sustained basal ganglia lesions. Consequently, we compared the frontal/temporal patients with the diffuse injury group (n = 21) with respect to olfactory performance (Table 6 ). The initial severity of injury (GCS score) did not significantly differ overall between the frontal/temporal lesion and diffuse injury groups (Table 1) , but severe injury predominated among the patients with bilateral mass lesions.
As shown in Table 6 , olfactory naming and recognition in the frontal/temporal group fell significantly below the control group, whereas the scores of the diffuse injury patients did not significantly differ from either of the other groups. Within the frontal/temporal group there was an insufficient number of patients to permit an analysis of the lateralization of lesion or to compare the effects of frontal lobe versus temporal lobe lesions.
Findings on Tests of Orientation/Amnesia, Visual Discrimination, Visual Naming and Auditory Comprehension of Words and Phrases
The results of the neuropsychological tests given concurrently with the olfactory assessment are summarized in Table 7 . All patients obtained scores within the normal range on the test of orientation and amnesia (Levin et ai, 1979) ; thus no patient was disorientated, confused or exhibited marked anterograde amnesia consistent with PTA at the time of the olfactory study. The median visual discrimination performance of the total CHI group was nearly 100 per cent correct, and the poorest score corresponded to 75 per cent accuracy. As shown in Table 7 , 2 head-injured patients (4% of the series) had visual discrimination scores which fell below the normal range. Table 7 also indicates that the head-injured patients correctly named a large proportion of the pictures presented on the Visual Naming subtest. However, 4 CHI patients (8 %) exhibited anomic disturbance, as reflected by a Visual Naming score which was below the second centile of the distribution of scores in the standardization sample of nonbrain damaged patients (Benton and Hamsher, 1978) . As seen in Table 7 , Auditory Comprehension of Words and Phrases was well within normal limits in most head-injured patients. Two head-injured cases (4%) fell 71-100 * A single case who sustained a minor head injury was discharged before the visual discrimination and language tests could be given.
+ Based on the standardization data of Levin et al. (1979) . ++ Normal subjects typically obtain a perfect score on this 8 trial matching-to-sample procedure (Hannay et al., 1979) .
+++ Based on a score falling below the second centile of the normative distribution reported in the test manual (Benton and Hamsher, 1978) . Scores on the Token Test were substituted in 2 patients who did not complete the entire Multilingual Aphasia Examination.
slightly below the lower limit of the normal range on this measure of receptive language (Benton and Hamsher, 1978) .
Five CHI patients accounted for all of these defects on tests of visual discrimination, naming and comprehension. The patients with concomitant neuropsychological defects consisted of 3 cases who sustained a moderate (initial GCS score 9-12) head injury (2 had bilateral mass lesions and 1 a diffuse injury) and 2 patients who sustained severe head injuries (initial GCS score < 8), including a patient with a right hemisphere mass lesion and a case of diffuse injury. In view of the possibility that concomitant neuropsychological defects detracted from the olfactory performance of these 5 patients, we reanalysed the data of the remaining 46 headinjured patients and the control subjects. This analysis confirmed the overall impairment of the head-injured group on both olfactory naming {P < 0.003) and olfactory recognition (P < 0.007), that is, with deletion of the 5 head-injured patients with defects in visual discrimination, visual naming and/or auditory comprehension defective olfactory identification was still evident in the other headinjured patients.
DISCUSSION
Since Symonds and Lewis (1942) and Leigh (1943) investigated anosmia in consecutive admissions to the Oxford Military Hospital for Head Injuries, more recent findings from clinical studies of patients with temporal lobe epilepsy (Rausch et al., 1977; Abraham and Mathai, 1983) and patients with prefrontal lesions (Potter and Butters, 1980) have implicated the participation of orbitofrontal and temporal cortex in olfactory discrimination. Diminished olfactory discrimination has been confirmed in patients with prefrontal lesions who could readily detect the presence of odorants (Potter and Butters, 1980) . In view of these findings and neuroanatomical and neurophysiological data obtained in monkeys implicating the role of orbitofrontal cortex in olfaction (Tanabe et al., 1975; Potter and Nauta, 1979) , we postulated that severe nonmissile head injury would impair olfactory identification despite intact detection of odorants.
Our results confirm that (1) patients who sustain moderate or severe CHI exhibit difficulty both in naming and in forced-choice recognition of familiar odorants despite adequate olfactory detection; (2) the effect of severity of head injury on olfactory performance can be demonstrated by using the interval of PTA (exclusive of coma); (3) depending on the proportion of patients with moderate and severe CHI, about one-third of head-injured patients obtain olfactory scores which fall below the lower limit of normal; (4) the presence of a mass lesion in the frontal/ temporal region is related to impaired olfactory recognition, whereas diffuse injury does not result in as impressive a decline of olfactory performance when compared to a control group.
We interpret these findings as evidence for an impairment in the capacity of our patients to interpret olfactory stimuli and/or associate them with their verbal referents. It is unlikely that impaired olfactory recognition in this series can be attributed to receptive aphasia or confusion because all patients had obtained normal scores on a verbal test of orientation and memory for their surroundings. Concurrent administration of other neuropsychological tests confirmed that only 2 head-injured patients (4% of the series) exhibited difficulty on a visual matchingto-sample task which consisted of pictures of animals and plants. In fact, the poorest visual matching score corresponded to 75 per cent correct performance. Consequently, it is unlikely that the impaired olfactory identification in one-third of our CHI series is attributable to a nonspecific deficit in sensory discrimination. Assessment of oral language comprehension disclosed normal results in all but 2 (4%) head-injured patients, and the lowest comprehension score corresponded to 71 per cent correct recognition of words and phrases. It is therefore unlikely that receptive language disorder can account for the impaired olfactory recognition in one-third of the CHI group. The language comprehension results conform with our observation that all patients exhibited adequate comprehension of the instructions for the olfactory task.
All patients studied exhibited adequate detection of odorants in a preliminary screening test. Although it is conceivable that a number of the head-injured patients had elevated olfactory thresholds, none had difficulty in reporting detection of liquid odorants during the screening nor did any patient complain of difficulty detecting the microfragrance labels. However, our screening test was sufficiently sensitive to reveal anosmia in 3 head-injured patients whom we excluded from the study. The presence of anosmia in 5.5 per cent of the 55 CHI patients whom we screened approximates to previous findings obtained by a similar screening procedure in a large series of consecutive head injuries (Russell, 1960; Sumner, 1964) .
Our finding of preserved olfactory recognition in 7 patients despite complete failure of olfactory naming confirms previous results (Levin et al, 1982) indicating that anomia is a frequent sequel of CHI. This point is parsimonious with our finding that impaired naming of pictures was present in 8 per cent of the CHI group, that is, twice the number of patients who exhibited defects in language comprehension or visual discrimination. Although 3 of the 4 head-injured patients with impaired visual naming (less than the second centile of the distribution for normal adults) had concomitant anomia for the microfragrances, the other 15 CHI patients with impaired olfactory naming (i.e., 0 correct) obtained Visual Naming centile scores which were above a defective level (median = 18th centile corresponding to 80% correct raw score).
Based on these findings, we suggest that the presence of unequivocal anomia for objects presented visually is associated (in head-injured patients) with a concomitant inability to name odorants, whereas naming disturbance for olfactory stimuli does not necessarily extend to visual input. Our evidence for this apparent dissociation between olfactory and visual naming should be cautiously interpreted pending confirmation under conditions which better equate for item difficulty in the two modalities. In any case, we infer that forced-choice recognition more specifically tests olfactory identification than procedures requiring naming. Finally, reanalysis of our data after excluding patients with defects in visual discrimination, naming and/or language comprehension did not alter the finding of impaired olfactory identification as compared with a control group.
We suggest that impaired olfactory recognition without anosmia after nonmissile head trauma may result from focal and diffuse injury to the orbitofrontal and temporal regions. Further, the neuroanatomical loci of cerebral injury which produce a deficit in olfactory recognition may also contribute to posttraumatic behavioural disturbance and memory disorder which are frequent sequelae of CHI (Levin et ah, 1982) . This interpretation of the data would be strengthened by investigation of a group of head-injured patients with mass lesions confined to the parietal or occipital areas. As anticipated from the vulnerability of the frontotemporal region to focal lesions in nonmissile head trauma (Adams et ah, 1980) , only a single patient in our series had a mass lesion confined to the parietal lobe. Although his olfactory performance was normal, this finding might reflect the relatively mild degree of his injury as his GCS score was 15 on admission to the hospital. Our findings are compatible with previous reports of impaired olfactory identification despite intact olfactory sensitivity in patients following unilateral or bilateral temporal lobe excisions for relief of intractable epilepsy (Abraham and Mathai, 1983; Eichenbaum et ah, 1983; Eskenazi et ah, 1983) . The relationship between the lateralization of the anatomical locus of focal cerebral injury and residual olfactory performance is under further investigation in our laboratory.
